ALA' is the first committed intermediate in the biosynthesis of tetrapyrrole pigments and heme. In animal cells and bacteria, it is produced from succinyl-CoA and glycine by the enzyme ALA synthase (4, 12) . In the chloroplasts of higher plants and algae as well as in blue-green algae, it is produced from the intact carbon skeleton of glutamate or a-ketoglutarate (2) (3) (4) 6 ). This 5-carbon pathway has been only partially characterized (8-10, 13, 14) , and its mechanism and regulation are largely unknown. Some of the difficulties encountered in the efforts for further elucidation of the pathway involve the need to obtain isolated plastids from higher plants since, in their cytoplasm, the other ALA producing pathway may operate (5, 13, 16, 17, 20) . The isolation procedures result in an almost complete loss of biosynthetic activity. Blue-green algae apparently (2, 8, 15) possess only the 5-carbon pathway, but all previous attempts failed to permeabilize their cells by mechanical methods or detergents. DMSO has been reported to be a particularly gentle agent for permeabilizing plant membranes (7) .
This report describes the use of DMSO for permeabilizing the filaments of the blue-green alga Anabaena variabilis not only without loss of the aminolevulinate synthesizing ability, but with an actual stimulation of aminolevulinate production, a first approach to a cell-free system. again as above. The precipitated cells were resuspended in 2 ml incubation medium containing DMSO as indicated, 50 mm potassium levulinate, 20 mm Hepes-KOH (pH 8.0), and 10 mm sodium glutamate (unless otherwise indicated), and were incubated for the period indicated in each experiment at 300C in an illuminated (35 ,uE m 2s') shaking water bath. At the end of the incubation period, 0.4 ml of 3 N HC104 was added to extract ALA and to precipitate proteins. The precipitated material was removed by centrifugation at 5,000g at 10°C for 5 min. The pellet did not contain any detectable ALA.
MATERLALS AND METHODS
The concentration of ALA was measured spectrophotometrically after quantitative conversion to a pyrrole with ethyl acetoacetate, by the method of Urata and Granick (19) . The blank used in these experiments was obtained by incubating the filaments in the absence of levulinate. The blanks were colorless and the absorption spectrum of the colored product was identical with the absorption spectrum of authentic ALA-pyrrole with Ehrlich's reagent.
Conductivity Measurements. For the measurement of conductivity, filaments were suspended in 10 ml distilled H20 containing DMSO concentrations as indicated, to a final concentration of 70 pg Chl/ml. Samples were assayed at intervals for conductivity with a Markson pH/conductivity meter. Corrections were entered according to the measured depression of conductivity by DMSO in standard KCI solution.
Measurement of Acetylene Reduction by Isolated Heterocysts.
Heterocysts of A. variabilis were isolated anaerobically by the method of Peterson and Wolk (18) . Two-ml samples were incubated in 5-ml vials with serum stoppers at 30°C in illuminated water bath under 5% (v/v) C2H2 in gas phase, for 30 min. Ethylene was quantitated by GC as described by Wolk and Woyciuch (21) .
14C Label Incorporation into ALA. Incorporation of 14C label from glutamate or a-ketoglutarate was performed under incubation conditions as described above in 2 ml fmal volume, in 10-ml Warburg flasks, stoppered with glass stoppers and containing in the central well a folded Whatman No. I filter paper strip (0.5 x 2 cm) impregnated with 0.1 ml 1 M KOH. The paper strips were removed after the reaction was stopped by acidification, placed in vials containing 10 ml Aquasol 2 scintillation solution and counted in a Beckman LS-133 liquid scintillation counter.
Purification of ALA as a Pyrrole. The acidified reaction mixtures were processed by ion-exchange chromatography, on sulfonic acid resin columns, followed by the formation of ALA pyrrole with ethyl aceto-acetate and extraction into diethyl ether (6) .
Purity was confirmed by TLC using silica gel plates, in methyl acetate, isopropanol and 25% NH4OH (45:35:20, v/v/v) followed by visualization with Ehrlich reagent spray (11), and scanning with a Packard 7200 radiochromatogram scanner. Ninety-two % of the purified product cochromatographed with the pyrrole derived from standard 5-amino [4-14C] levulinate (2) .
RESULTS

Effect of DMSO on the Permeability of A. variabils Filaments.
Increasing concentrations of DMSO resulted in increased conductivity of the incubation medium (Fig. lA) which indicated the degree of leakage of electrolytes from the filaments into the surrounding medium. Because DMSO depresses the conductivity of electrolytes, corrections were entered based on Figure lB.
Requirements for ALA Accumulation by Permeabflized Filaments. ALA accumulated in the presence of DMSO in a medium containing levulinic acid (Table I) (Fig. 2) . Above that concentration, the stimulation by DMSO was less pronounced in the light and essentially absent in the dark. Parallel measurement of '4CO2 evolution from [14C]glutamate (2 , Ci) by the filaments incubated in the dark indicated that, up to 7.5% DMSO, the rate of 14CO2 produced remained unchanged (30 kcpm in 14CO2 accumulated/h incubation). At a higher DMSO concentration, a slight inhibition of glutamate respiration was observed (gradually dropping to 21 kcpm in 14C02/h at 15% DMSO).
At 7.5% (v/v) DMSO, Anabaena filaments were apparently permeabilized with no inhibition of their metabolic activities.
Concentration Dependence and Time Course of ALA Accumulation in the Presence and Absence of DMSO. ALA accumulation was significantly stimulated by 7.5% v/v DMSO at all concentrations of Chl measured (Fig. 3) . ALA accumulation did not increase with increasing Chl concentrations beyond 100 pg ChM/ml in permeabilized as well as intact cells, thus indicating that a factor other than externally supplied materials limited further increase in ALA production. Inasmuch as light is required for high rates of ALA production (Table I) , this cessation of ALA accumulation can probably be ascribed to self shading of the cells at higher Chl concentrations.
ALA accumufation in the presence of DMSO increased with time in the presence of DMSO (Fig. 4) , and did not reach a plateau even after 6 h, while intact cells essentially ceased accumulating ALA after 2 h, possibly due to the exhaustion of an endogenous cofactor of low permeability, such as ATP (see also Table I ).
Incorporation of 14C-Labeled Glutamate and a-Ketoglutarate into ALA in the Presence of 7.5% (v/v) DMSO. 14C-Labeled glutamate is incorporated into ALA to a greater degree than 14C-labeled a-ketoglutarate, possibly via different pathways as indicated by the lack of effect of either substrate on the incorporation of the other (Table II) (Table I) , nor is it due to increased endogenous substrate production by nitrogen fixation (Table III) .
Oxidation of glutamate to CO2 (respiration) is also essentially unaffected by the presence of DMSO (Table II , footnote a).
Since none of the metabolic activities measured was significantly affected by the addition of 7.5% (v/v) DMSO, it can be concluded that permeabilized filaments retain their normal activity. The increase of ALA production is probably due to a specific activation of the ALA-producing enzyme system, possibly following the leakage of an inhibitor. The increase in ALA production is not due to increased uptake of levulinic acid since ALA production is already maximal at 10 mm levulinic acid and remains at the same level at 50 mM (unpublished results).
Earlier studies with intact filaments in the absence of DMSO (2) indicated that glutamate is a preferred substrate for ALA production as opposed to a-ketoglutarate. It was assumed, therefore, that incorporation of a-ketoglutarate proceeds via glutamate. This assumption could not be tested directly in intact filaments because the differences in the permeability of the two substrates interfered with the interpretation of experimental results. When permeabilized cells were allowed to incorporate "4C-labeled glutamate or a-ketoglutarate, glutamate was still incorporated to a greater extent, but the ratio of glutamate to a-ketoglutarate incorporation in permeabilized cells dropped to 2.37 (Table II) as opposed to 6.41 in intact filaments (2) . It appears that when the permeability barrier does not interfere with a-ketoglutarate availability, it is incorporated to a degree comparable with glutamate.
Permeabilization of Anabaena filaments by DMSO appears to be the method of choice for the study of the pathway of ALA formation, and possibly other pathways in this organism.
